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for thoughtful discussions on bioinformatics, multivariate statistics, and coding. 32 33 34 INTRODUCTION 61 Douglas & Yang, 2002) . Because such basins tend to maintain closed groundwater systems that 84 allow for continual wetting of the playa sediments, they continue to support modern-day 85 microbial ecosystems (Hollister et al., 2010 ; Genderjahn et al., 2018 ; Sirisena et al., 2018 ; 86 McGonigle et al., 2019). Surveys of microbial diversity in saline sediments indicate that they can 87 be among the most taxonomically diverse communities known (Ventosa et al., 2008) . However, 88
little is known about the microbial ecology or the biogeochemical factors that drive community 89 structure in hypersaline sedimentary environments, especially how microbes adapt to high salt 90
concentrations under anoxic conditions (Schwendner et al., 2018) . 91
Hypersaline paleolake basins have also been proposed as habitability analogs for similar 92 environments on Mars, giving them astrobiological significance (Lynch et al., 2015) . To date, the 93 few studies that have evaluated microbial ecology in hypersaline sediments have done so within 94 single vertical cores (Sirisena et al., 2018 ; Genderjahn et al., 2018) . But closed basin systems 95 exhibit horizonal as well as vertical geochemical and mineralogical gradients (Eugster & Jones, 96 1979) , thus a study that examines microbial diversity in both dimensions is warranted. Here, we 97 use multivariate statistics to integrate 16S rRNA gene sequencing with geochemical, 98 mineralogical, and lithological analyses in order to discern which factors most strongly 99 contribute to microbial distribution and abundance in Pilot Valley Basin, Utah. As our analyses 100 encompass vertical and horizontal dimensions, we are able, for the first time, to make reasoned 101 inferences about the relationship between microbial community structure and the geochemical 102 and lithological characteristics of hypersaline lacustrine sediments. The information derived 103 from studying this ecosystem could provide insight into the evolution and dynamics of 104 hypersaline sediments elsewhere on Earth and beyond. 105
MATERIALS AND METHODS 107

Study site description 108
Ancient Lake Bonneville encompassed the majority of northern Utah: the modern-day 109 remnants of the lake's basin constitute the Great Salt Lake Desert (GSLD) and the Great Salt 110 Lake (GSL). Bonneville was the largest of several North American freshwater paleolakes from 111 the Pleistocene Epoch, covered 51,000 km 2 of present-day western Utah and smaller sections of 112 eastern Nevada and southern Idaho, and reached a maximum depth of ~300 meters. Around 14 113 ka., lake levels began a decline that eventually resulted in the modern playa system of the GSLD 114 from northeast to southwest and the topographic center of the basin located in the northwestern 130 corner (Lines, 1979) . The basin exhibits classic closed-basin evaporite zonation due to 131 differences in mineral solubilities that initially developed during the last regressive phase of 132 Lake Bonneville, between 8,000 and 10,000 years ago (Eardley et al., 1957 ; Hunt, 1975 ; 133 Lines, 1979) . The least soluble minerals, mainly carbonates, were deposited around the rim of 134 the basin, or were buried in the lower layers of the lacustrine sediments, in deposits that are 135 described as a carbonate mud and occur either as a soft, puffy surface or a hard, compact surface. 136
In the next zone, sulfates, specifically gypsum, intermix with the carbonate mud. Finally, within 137 the hard "salt" pan at the topographic center of the basin, highly soluble chloride and Mg-sulfate 138 salts are deposited. Extensive microbial mats are observed starting in the sulfate zone and 139
propagating almost to the center of the basin. Due to continual reworking, mainly from episodic 140 fluvial activity, many of the deposits are interbedded with mud layers originating from lower 141 sedimentary deposits or clastic input (Lines, 1979) . 142
Three main aquifers are associated with the basin: an alluvial fan aquifer, consisting of fresh 143 to brackish water, present within the alluvial fans alongside each of the flanking mountain 144 ranges; a deep basin-fill brine aquifer that underlies the entire basin at a depth of ~30 meters; and 145 a shallow brine aquifer that encompasses the upper ~6 meters of the basin sediment fill (Mason 146 & Kipp, 1997) . This study focuses on fluids and sediments from the shallow brine aquifer, which 147 is maintained by groundwater flow from mountain-front recharge of the alluvial aquifer flanking 148 the Silver Island Range (Carling et al., 2012) . It should be noted that hydrological connectivity 149 between the deep basin-fill aquifer and the shallow brine aquifer is thought to be effectively non-150 existent (Mason & Kipp, 1997) . Due to the frequency of recharge, Pilot Valley sediments remain consistently moist throughout the basin, although they are clearly more saturated at the center of 152 the basin where the water table lies just below the surface. The only loss mechanism from the 153 Pilot Valley basin is capillary wicking and evaporation (estimated rate 95 in/year) from the playa 154 surface (Lines, 1979) . Additional detailed field site characterization, including mineralogy, can transect from the basin rim to the topographic center of the basin (Figure 1) . In situ estimates of 161 aquifer fluid pH ranged between 5.8-6.0; subsurface temperatures averaged ~20°C at the time of 162 sampling for both expeditions. Subsurface temperatures were measured using an infrared 163 thermometer and pH was measured using both pH strips and a portable pH meter. Sample cores 164 were obtained using an AMS Extendible Core Sampler and recovery tripod, which retrieves 5 cm 165 diameter cores up to 60 cm long. The cores were confined within plastic sleeves, which were cut 166 using a hand-held circular saw to expose the core for inspection and sampling. DNA and 167 geological samples were taken at each point where the lithology of the sediments clearly changed 168 ( Figure S1 ). Sediment core samples were collected and stored on CO2 ice in the field. 169
Geological samples were stored at -20°C; samples for DNA extraction and analysis were stored 170 at -80°C in the lab. Water from the basin aquifer was obtained from each bore hole (if possible) 171 as well from permanent wells at the topographic center of the basin. Aquifer fluids were filtered 172 to 0.2 µm, stored on H2O ice in the field then refrigerated at -4°C in the lab. Average free water sub-samples were defrosted to room temperature in the lab, weighed, oven-dried overnight at 175 90°C, then cooled and re-weighed. Total inorganic carbon was determined using a UIC CM5130 Acidification Module. After placing approximately 10 mg of sample in a heated glass vial, 2 ml of 2% H2SO4 were added to 198 dissolve inorganic carbon, which was then released as CO2 gas. The effluent was collected and 199 quantified by a UIC CM5014 Coulometer for total inorganic carbon by % weight. Total carbon 200 was determined using a UIC CM5300 Furnace Module. Approximately 20-40 mg of sample was 201 placed in a ceramic crucible, heated to ~935°C where all organic and inorganic carbon was 202 incinerated to release CO2 gas. The effluent was also collected and quantified by a UIC CM5014 203
Coulometer for total carbon by % weight. Both TIC and TC were repeated in triplicate to ensure 204 a measurement error less than 10%. TOC was calculated as the difference in TC and TIC. 205
206
DNA extraction, PCR, qPCR and DNA sequencing 207
Bulk DNA was extracted using the PowerSoil DNA Isolation Kit (Qiagen, Catalog # 12888; 208 formerly MoBio Laboratories). DNA was extracted from ~25 mg of each sample in triplicate, 209
following the manufacturer's protocol with two modifications to maximize DNA recovery, 210 concentration, and purification. The first modification was at the clean-up step, as the Pilot 211
Valley samples contain compounds (e.g., heavy metals, humics, etc.) that can inhibit the 212 polymerase chain reaction (PCR). Hence, the C3 solution humic removal step (MoBio Powersoil 213 DNA Isolation Kit Instruction Manual (https://www.qiagen.com)) was repeated twice to ensure 214 DNA purity. The second modification was the last step where DNA from each replicate was 215 concentrated onto the same single spin filter, eluted into a single tube and stored at -20°C. In 216 preparation for 16S rRNA gene sequencing, DNA was PCR amplified and barcoded using the 217 The resulting partial SSU rRNA sequences were processed in QIIME 1.8 (Caporaso et al., 235 2010) . Sequences and barcodes were de-multiplexed using the split_libraries.py script with the 236 default parameters. Sequences were then de-noised using the low-level interface to the QIIME 237 de-noiser. Sequences were chimera checked using USEARCH 6.1 then clustered into operational 238 taxonomic units (OTUs) using UCLUST at 97% similarity. OTUs were picked de novo using 239
UCLUST with default parameters. The OTU representative sequences were aligned using 240
Hammer et al., 2001). All DNA sequence data related to this study can be obtained through the 244 European Nucleotide Archive (ENA) via accession number PRJEB11779. 245
246
RESULTS
247
A total of 28 samples was collected for microbial community analysis ( Table 1) identified as laminated silty and sandy sediments, and represents the last regressive phase of 282 Lake Bonneville to the present-day playa. Unit II is identified as a transition from an olive gray 283 marl to a yellow gray marl and represents the transition in lake levels most likely from the 284 Bonneville to Provo levels. It should be noted that the extensive salt deposit found in the north-285 central salt pan (also the topographic center of the basin) is independent of the defined units, as it 286 formed after Lake Bonneville was gone. Secondary features also developed over time within the situ precipitated salt grains that over time created discontinuous beds of salt crystals, which then 289 created secondary porosity that allowed for increased fluid flow throughout the basin sediments. 290
We determined grain size of the sedimentary layers qualitatively, based on comparing core 291 images collected for this study in relation to previous descriptions of Pilot Valley stratigraphy 292 and lithology as described above. Based on this visual analysis and identification of these 293 sedimentary features in the cores, three grain size classifications were identified that were 294 consistent with material seen in Units I and II (Figure 2 previous geological studies suggested that the mineralogical composition of the BSF and Pilot 313
Valley were the same (Turk et al., 1973 ; Lines, 1979) , implying that the microbial ecology 314 might be similar. However, our recent geochemical characterization of the basin shows that the 315 mineral composition of the two regions differ (Lynch et al., 2015) . Given past geological work 316 on both basins, we first compared microbial diversity of basin sediments in relation to one 317 another and to that in a well-known standard: the GSL. Samples were therefore collected from 318 the rims of Pilot Valley, the BSF, and the northern (hypersaline) arm of the GSL (Figure 1) . 319
Samples sequenced from these sites yielded, after processing and quality control, a total 320 library of 55,754 high-quality sequences ( of Bray-Curtis, weighted, and unweighted Unifrac metrics (Figure S3) show that the microbial 340 communities in GSL and BSF sediments are more taxonomically similar to each other than they 341 are to Pilot Valley sediments. Especially noteworthy in PV sediments, relative to these other 342 sites, are the abundance of OTUs belonging to the phylum Gemmatimonadetes and the scarcity 343 of OTUs belonging to the Deltaproteobacteria (< 1%), which include many sulfate reducing 344 bacteria. 345 346
Community composition along a horizontal transect in Pilot Valley 347
Samples sequenced from the Pilot Valley transect yielded a total library of 190,806 high 348 quality sequences (i.e., Q scores of 30 or above) post processing and quality control ( Table S1) . 349
These sequences were clustered into 1336 OTUs each having > 97% similarity; rarefaction 350 analysis indicated that the sequencing effort provided reasonable coverage of diversity across the 351 transect ( Figure S4) . (Figure 4) . Almost no SRB-containing taxa from the Deltaproteobacteria 359 (<1%) were seen at PV1 and PV5. However, known SRB-containing taxa were observed at PV2 360 (15%) and at PV3 (12%). It should also be noted that while cyanobacteria are visibly evident in 361 microbial mats dispersed throughout the surface of Pilot Valley basin between PV-2 and PV-5, 362 the relative abundance of cyanobacterial sequences in our dataset is small. This is likely due to 363 the thin morphology and discontinuous distribution of these mats, though we cannot rule out the 
Community composition within vertical transects in Pilot Valley 373
At all four Pilot Valley sites, the structure of microbial communities shifts abruptly between 374 discrete layers within vertical transects down to a depth of ~2 m (Figure 5a) , especially with 375 regard to the phyla most abundantly represented. PCoA and PERMANOVA analysis of the 376 Bray-Curtis (R 2 =0.46, PADONIS=0.001), Morisita-Horn (R 2 = 0.52, PADONIS=0.001), unweighted 377
Unifrac (R 2 = 0.25, PADONIS=0.001) and weighted Unifrac (R 2 = 0.61, PADONIS=0.001) metrics 378
show that sub-core samples cluster into three distinct groups; only in the unweighted Unifrac 379 measure do samples PV5-4 and PV2-5 cross from Group 1 to Group 2 (Figure 6, Table 2, Figure 5b ). These three groups also correlate with grain size classifications illustrated in Table  381 2: Group 1 correlates with fine clay; Group 2 with coarse grains; and Group 3 with fine silt. 382
Remarkably, within these three groups, dominant taxonomic patterns are evident down to the 383 genus level. 384
In Group 1 (fine clay), the dominant taxa are order/family Halobacteriales/Halobacteriaceae 385 (20%) phylum/class Gemmatimonadetes/Gemm-4 (44%), genus Salinibacter (20%), and class 386 Gammaproteobacteria (7%). Within the Group 1 Gammaproteobacteria, the dominant clade is 387 the genus Halomonas at 50% (4% of total bacteria). In Group 2 (coarse grains), the dominant 388 taxa are phylum Bacteroidetes (35%), class Gammaproteobacteria (15%), phylum Acetothermia 389 (16%), and order Halobacteriales (9%). Gemmatimonadetes are only 6% of total assigned 390 sequences in Group 2, and within the Bacteroidetes, only 15% (5% of total assigned sequences) 391 are genus Salinibacter. Within the Gammaproteobacteria, 63% (12% of total assigned 392 sequences) are genus Halomonas. In Group 3 (fine silt), the dominant taxa are genus Halomonas 393 (54%), genus Shewanella (12%), and phylum Acidobacteria (8%). Beta diversity analyses 394 indicate that Group 1 and Group 2 are more similar to one another than to Group 3. Unifrac 395 metrics help delineate the nature of this relationship as the unweighted metric suggests a close 396 relatedness between taxa present in both Groups 1 and 2. However, the difference between these 397 two groups in weighted Unifrac suggests an environmental influence that enables different taxa 398 to thrive in different regions (Lozupone et al., 2007) . 399
Mantel correlation results for both weighted and unweighted Unifrac metrics (Table S7) 400
show that there is little to no correlation between community structure and most of 401 environmental variables measured (though Mantel correlations may not be as powerful as other 402 multivariate methods (Legendre & Fortin, 2010) ). While calcium, nitrate and sulfate all exhibit significant positive correlation to the community in the unweighted Unifrac metric, the weighted 404
Unifrac shows almost no correlation between community structure exists and these 405 environmental parameters. This suggests that while relative abundance of community members 406
is not correlated to these parameters, community structure and phylogenetic relatedness is. Only 407 barium (discussed below) is significant across both metrics, and it is weakly positive (r < 0.05). 408
Taxonomic data within Pilot Valley cores were constrained in a canonical 409 correspondence analysis (CCA) by eight of the best correlated quantitative environmental 410 variables and one qualitative variable (grain size); this procedure resulted in an optimal 411 eigenvalue for axis 1 of 0.428 (explaining 66.1% of the inertia; P=0.04) and an eigenvalue for 412 axis 2 of 0.20 (explaining 22.48% of the inertia; P=0.04) (Figure 7) . CCA plots confirm that the 413 communities organize into the same three distinct Groups identified by PCoA (Figure 6, Figure  414 7a, Table 2) , and show which environmental variables are best correlated with each group. 415
Group 1 is associated with high barium and nitrate concentrations, and is also qualitatively 416 related to fine clay-sized particles. Group 2 is mostly related to high total organic carbon (TOC), 417 strontium, sulfate and calcium concentrations, and is linked to coarse grains and correlated with 418 low nitrate. Group 3 is tightly clustered and correlated with increased water content, low nitrate, 419 and fine silt grains. 420
Both Gemmatimonadetes and Euryarchaeota, the dominant phyla in Group 1 (fine clay), 421 are correlated with high barium concentrations and clay-sized sediments (Figure 7b) , as are 422 most archaea. Bacteroidetes, a dominant phylum in Group 1 and in Group 2 (coarse grains), is 423 correlated with increasing strontium concentrations and also increasing TOC concentrations as 424 are Spirochaetes, Acetothermia, Lentisphaerae, and the unassigned sequences. Elevated this element is known to be concentrated in brine waters and in sediments where there is salt 427 mineral dissolution (Kloppmann et al., 2001) . The strong correlation of Acetothermia (OP1) 428 with increasing TOC is a reasonable result as this phylum contains acetogens. The strong 429 correlation of TOC with Lentisphaerae is also to be expected as taxa within this phylum are 430 known to produce extracellular polymeric substances (EPS) that would result in an increased 431 carbon signature (Choi et al., 2015) . 432
All remaining phyla are correlated with high water content. The primary cluster 433 containing Firmicutes, Actinobacteria, Acidobacteria, Verrucomicrobia, and Planctomycetes 434 correlates strongly with increasing hydration and increasing nitrate. This finding is consistent 435 with the fact that each of these groups host taxa that carry out parts of the nitrogen cycle 436 Heylen & Keltjens, 2012). Also, when the geochemistry of all the samples is reorganized by 438 community group (Table 3, Table S9 ) we see clear evidence for nitrate utilization in the Group 439 2 sediments as nitrate concentrations from all samples fall below the limit of detection. and Weeks (2008) also reported differences in community structure via 16S phylogenetic 454 analysis that were correlated to grain size; specifically, they found that Verrucomicrobia and 455
Planctomycetes were significantly reduced in grain sizes >1000 µm. Albrechtsen and Winding 456 (1992) noted that microbial activity correlated with grain sizes in glacial-fluvio sediments and 457 suggested that this relationship had more to do with sediment permeability than with the grains 458 themselves. More recently, Hemkemeyer et al. (2014) determined through laboratory 459 experiments that both particle size fraction and mineral composition had selective effects on 460 community structure and niche separation. 461
In our study of Pilot Valley, we also find that grain size is related to, and likely influences 462 discrete microbial community structure, and that this influence relates to multiple geochemical 463 factors. First, barium, which is known to adsorb to clays and therefore serves as an indicator of 464 clay concentrations, significantly correlated with Group 1 in the CCA (Figure 5a The presence of these three taxa in Group 1 makes a case for high salinity pore water in the clay-sized sediment layers of the basin due to low porewater permeability in clays (Bartlett et al., 472 2010) . 473
Second, nitrate concentration was identified as a geochemical factor in both the Mantel 474 correlation and the CCA analyses. Nitrate is only known to accumulate in sediments that have 475 minimal water flow and/or exhibit minimal nitrate-related microbial activity (Lybrand et al., 476 2013). In the case of Pilot Valley, when the geochemistry of the sub-cores is reorganized by 477 group (Table 3) , we see that nitrate concentrations are highest in Groups 1 and 3, and below the 478 limit of detection in Group 2. This likely indicates that Group 2 has either higher pore water 479 permeability within this sediment type that results in higher groundwater flow, and/or increased 480 rates of microbial nitrogen cycling. 481
Third, the high sulfate and calcium concentrations associated with Group 2 correlate with 482 large coarse grains that are defined as large euhedral evaporite crystals in Table 2 (Figure 2) . 483
These grains may be mostly composed of gypsum and/or other sulfate salts, hence the elevated 484 calcium and sulfate concentrations may be artifacts of sample preparation for IC and ICP-OES 485 analyses, as these minerals would have dissolved to some degree during the sample extraction 486 process. These large coarse grains allow for greater water movement through the groundwater 487 system and, therefore, continual precipitation and re-dissolution of minerals. Hence, another 488 possible indicator of increased groundwater flow may be the abundance of known SRB in Group 489 2 (20%) layers, compared to the scarcity of known SRB in Groups 1 and 3 (<2%). Previous 490 studies have suggested that inhibition of sulfate reduction in finer sediments may be due to pore 491 space exclusion of SRB stemming from smaller sediment grain sizes (Bartlett et al., 2010) . 492
While mechanical restriction may be a factor in a reduced abundance of SRB in the Group 1 493 presence of similarly-sized microbes such as the Halobacteria. By contrast, hydrogen sulfide 495 may exert a more important influence, as sulfate reduction is known to be inhibited by high H2S 496
concentrations (Icgen & Harrison, 2006 ; Okabe et al., 1995 ; Reis et al., 1992) . We hypothesize 497 that compact Group 1 and Group 3 pore water spaces restrict H2S diffusion to the extent that 498 SRB cannot thrive in those zones (Roychoudhury et al., 2003) , whereas the higher permeability 499 of coarse grains in Group 2 keeps H2S from building up to inhibitory concentrations. did not appear to be directly linked with water content, as the difference in water content is small between highest-abundance Group 1(44% Gemmatimonadetes; 24% water content) and lowest-517 abundance Group 3 (2% Gemmatimonadetes; 28% water content). 518
Gemmatimonadetes in Pilot Valley co-located with extreme halophilic taxa such as 519
Halobateria and Salinibacter. This association is intriguing, as no member of the 520
Gemmatimonadetes has yet been shown to be halophilic or halotolerant. Our study provides the 521 first evidence that organisms in the phylum Gemmatimonadetes may not simply be tolerant to 522 desiccation stress (xerotolerance), but also may be tolerant to salinity stress (osmotolerance). A 523 key difference between these two parameters is this: under desiccation stress cellular ionic 524 concentrations increase but generally keep to the same ratios, whereas under salinity stress, the 525 ratios could radically change (Holzinger & Karsten, 2013 ; Stevenson et al., 2014) . Up to the 526 point of this study. As a phylum, Gemmatimonadetes are widely considered to be desiccation-527 resistant or xerophilic. Our data suggest that at least some Gemmatimonadetes may also be 528 tolerant of high salinity, perhaps even halophilic, potentially defining a novel category of 529 extremophile. 530
531
SUMMARY AND CONCLUSION 532
In this study, we have identified grain size as a factor that may contribute to the structure of 533 microbial communities in paleolake sediments in Pilot Valley, Utah, a Mars analog environment. 534
This finding has implications from the perspectives of both general microbial ecology and 535 astrobiology. First and foremost, we have shown that microbial communities are more diverse in 536 the vertical than in the horizontal dimension. That is, the evaporitic zonation of the closed basin 537 appears to have little influence on community assembly overall. Secondly, previous studies have 538
suggested that microbial activity in clay sediments effectively ceases due to pore space limitations. However, many of these studies were conducted either prior to advances in high-540 throughput sequencing of environmental samples, assayed microbial activity in a very limited 541 manner, or did not measure bioactivity at all (Albrechtsen & Winding, 1992 impact what gets preserved in which sedimentary layers. Preservation would likely be higher in 554 the clay-sized sedimentary layers than in the secondary mineral layers as continual groundwater 555 flow could potentially cause re-dissolution of minerals, destroying biomarkers in those layers. 556
Thirdly, water and the overall moisture content of a system likely selects for organisms 557 specifically capable of metabolism under low water activity, including members of the phylum 558
Gemmatimonadetes. 559
In closing, Pilot Valley is a fascinating natural laboratory for studying the microbial ecology 560 of hypersaline sediments. Though this study has opened a window onto the phylogenetic environments would increase our understanding of how these communities are structured so 563 discretely. Future work will include metagenomic analyses of microbial communities within the 564 factors -scale factor 1. Groups identified as G1-Group1, G2-Group 2, G3-Group 3. Group 3 842
Members: PV1-3, PV1-4, PV1-5, PV2-1, PV2-10, PV2-11, PV3-1, PV5-1, PV5-2, PV5-3. B. 843 CCA plot of phylum-level group distributions with respect to environmental constraints -scale 844 factor 2. 845 Table 2 . Cluster Groups Group 1 PV1-1, PV1-2, PV2-2, PV2-3, PV2-4, PV2-5, PV5-4 Grain Type -Fine Clay Clearly seen fine compacted clay sized particles. ( Figure S8a) Group 2 PV2-6, PV2-7, PV2-8, PV2-9, PV3-2, PV3-3
Grain Type -Coarse Clear large euhedral salt crystals.
( Figure S8c) Group 3 PV1-3, PV1-4, PV1-5, PV2-1, PV2-10, PV2-11, PV3-1, PV5-1, PV5-2, PV5-3 Grain Type -Fine Silt Silt/sand-sized particles with some small evaporite crystals in the mix.
( Figure S8b ) 
